Activating transcription factor 6 (ATF6) is located within the region of linkage to type 2 diabetes on chromosome 1q21-q23 and is a key activator of the endoplasmic reticulum stress response. We evaluated 78 single nucleotide polymorphisms (SNPs) spanning >213 kb in 95 people, from which we selected 64 SNPs for evaluation in 191 Caucasian case subjects from Utah and between 165 and 188 control subjects. Six SNPs showed nominal associations with type 2 diabetes (P ‫؍‬ 0.001-0.04), including the nonsynonymous SNP rs1058405 (M67V) in exon 3 and rs11579627 in the 3 flanking region. Only rs1159627 remained significant on permutation testing. The associations were not replicated in 353 African-American case subjects and 182 control subjects, nor were ATF6 SNPs associated with altered insulin secretion or insulin sensitivity in nondiabetic Caucasian individuals. No association with type 2 diabetes was found in a subset of 44 SNPs in Caucasian (n ‫؍‬ 2,099), Pima Indian (n ‫؍‬ 293), and Chinese (n ‫؍‬ 287) samples. Allelic expression imbalance was found in transformed lymphocyte cDNA for 3 untranslated region variants, thus suggesting cis-acting regulatory variants. ATF6 does not appear to play a major role in type 2 diabetes, but further work is required to identify the cause of the allelic expression imbalance. Diabetes 56: 856 -862, 2007 T he endoplasmic reticulum is a membranous labyrinthine network in eukaryotic cells that is the site for the synthesis, folding, assembly, and posttranslational modification of proteins. The endoplasmic reticulum includes a highly conserved system of proteins that facilitates protein folding and processing, protects cells from the toxic effects of accumulating unfolded proteins (endoplasmic reticulum stress), and, when these measures fail, initiates apoptosis. This system, known as the unfolded protein response, is activated by accumulating unfolded proteins (1-3). The endoplasmic reticulum stress and unfolded protein response pathways are particularly important in secretory cells, including pancreatic ␤-cells, hepatocytes, and adipocytes (2). In the presence of endoplasmic reticulum stress, the transcription factor activating factor 6 (ATF6) serves as a key proximal sensor and is transported to the Golgi complex, where it is cleaved by proteases to yield an active cytoplasmic domain that functions to upregulate chaperone proteins.
T
he endoplasmic reticulum is a membranous labyrinthine network in eukaryotic cells that is the site for the synthesis, folding, assembly, and posttranslational modification of proteins. The endoplasmic reticulum includes a highly conserved system of proteins that facilitates protein folding and processing, protects cells from the toxic effects of accumulating unfolded proteins (endoplasmic reticulum stress), and, when these measures fail, initiates apoptosis. This system, known as the unfolded protein response, is activated by accumulating unfolded proteins (1) (2) (3) . The endoplasmic reticulum stress and unfolded protein response pathways are particularly important in secretory cells, including pancreatic ␤-cells, hepatocytes, and adipocytes (2) . In the presence of endoplasmic reticulum stress, the transcription factor activating factor 6 (ATF6) serves as a key proximal sensor and is transported to the Golgi complex, where it is cleaved by proteases to yield an active cytoplasmic domain that functions to upregulate chaperone proteins.
Considerable data have implicated endoplasmic reticulum stress in diabetes pathogenesis. In Akita mice, aberrant proinsulin processing induces endoplasmic reticulum stress and results in ␤-cell apoptosis (4) , and mutations in other proximal sensors impair the endoplasmic reticulum stress response and lead to ␤-cell apoptosis and diabetes in experimental models and humans. Endoplasmic reticulum stress involvement in liver and adipose are activated in obese mice (5) , and improved protein folding alleviated insulin resistance and improved glucose tolerance (6) .
ATF6 includes 16 exons and spans 193 kb on chromosome 1q21-23, a region of well-replicated linkage to type 2 diabetes in eight different populations (7, 8) . Thus, ATF6 is a strong positional and functional candidate gene for type 2 diabetes. Furthermore, Thameem et al. (9) recently reported that the coding variant PRO145ALA (P145A) was nominally significantly associated with type 2 diabetes (P ϭ 0.05). Additionally, we recently described an association of variants in the gene DUSP12, just upstream of ATF6, with type 2 diabetes in Caucasian and AfricanAmerican subjects (10) . To test the hypothesis that sequence variants in or near ATF6 contribute to type 2 diabetes susceptibility and to defects in insulin secretion and insulin resistance, we typed 64 single nucleotide polymorphisms (SNPs) spanning the ATF6 gene in a Northern European Caucasian population. We expanded the study by examining a subset of 44 SNPs in seven additional populations (U.K., French, and Amish Caucasians; Hong Kong and Shanghai Chinese; Pima Indians; and Arkansas African Americans) included in the International Type 2 Diabetes 1q Consortium. Nonsynonymous SNPs and SNPs showing the best evidence for an association with type 2 diabetes were tested for an association with insulin sensitivity (S i ) and insulin secretion and for an association with type 2 diabetes in an Arkansas AfricanAmerican population. Finally, we sought evidence that variation in or near ATF6 acting in a cis fashion might alter the expression ratio between alleles.
RESEARCH DESIGN AND METHODS
The primary study populations are summarized in Table 1 . The primary study population comprised 191 unrelated Caucasian case subjects and 188 unrelated Caucasian control subjects ascertained from Utah and Arkansas for Northern European ancestry, as described previously (11, 12) . Case subjects were diabetic on treatment for type 2 diabetes and had a diabetic first-degree relative; control subjects had normal glucose tolerance tests and no firstdegree relative with type 2 diabetes. A subset of 95 members of the control population was used to determine linkage disequilibrium and to select tag SNPs (see below). The same case subjects and a subset of the control subjects (165 control individuals) were genotyped as part of the International Type 2 Diabetes 1q Consortium (13) .
Confirmatory association studies were conducted in seven additional populations representing four ethnic groups included in the International Type 2 Diabetes 1q Consortium (13): 424 African-American individuals from Arkansas (245 case subjects and 179 control subjects), 662 samples from the Amish Family Diabetes Study (308 case subjects with diabetes or impaired glucose tolerance and 354 control subjects), 547 samples from the French diabetes study (259 case subjects and 288 control subjects), 890 samples from the U.K. (443 and 447, respectively), 293 samples from the Pima Indian study (147 and 146), 128 samples from the Hong Kong Chinese study (64 and 64), and 159 samples from the Shanghai Chinese study (79 and 80). This resource is described in detail elsewhere (13) . Additional African-American samples were tested in confirmatory genotyping studies conducted in Arkansas for a total population of 182 control subjects with normal fasting and/or postchallenge glucose levels and no family history of type 2 diabetes and 353 type 2 diabetic subjects who also had a diabetic first-degree relative and diabetes diagnosis before age 65 years. The Consortium Pima Indian samples overlap with those published previously for analysis of ATF6 (9) .
Physiological studies were conducted in 121 members of Utah families ascertained for two diabetic siblings; each individual had undergone a tolbutamide-modified frequently sampled intravenous glucose tolerance test (FSIGT) (14) . A second population of 209 unrelated Caucasian individuals from Arkansas underwent either a tolbutamide-modified (n ϭ 100) or an insulin-modified (0.04 units/kg, n ϭ 109) FSIGT (10) . Subjects ascertained in Utah provided written informed consent under a protocol approved by the University of Utah institutional review board. Subjects studied in Arkansas provided written informed consent under protocols approved by the University of Arkansas for Medical Sciences institutional review board. Other Consortium samples were collected under approved procedures for local institutional review boards. SNP genotyping. We evaluated 78 SNPs selected from public NCBI (National Center for Biotechnology Information) databases (15) Table 3S , which can be found in an online appendix [available at http://dx.doi.org/10.2337/db06-1305]). SNPs were selected from three sources: 1) SNPs typed as part of an initial 10-kb map across the region in the Utah sample; 2) known exonic variants (L35L, M67V, P90P, S103S, P145A, and S157P) in the ATF6 gene; and 3) 44 SNPs that fell within this region that were typed as part of a dense linkage disequilibrium map by the International Type 2 Diabetes 1q Consortium (13) . We selected additional SNPs from HapMap (16) to fill in gaps identified based on initial HapMap linkage disequilibrium measures. These 78 SNPs were then typed in at least 95 Utah Caucasians to select a subset of SNPs with a minor allele frequency Ͼ5% and that fully captured the HapMap Phase 2 SNPs (r 2 Ͼ0.95). Coding SNPs and SNPs already typed in the full Utah case-control set were forced in. Additional SNPs from the 44 Consortium SNPs that were required to capture the common variants were typed in the remaining control samples. The 44 Consortium SNPs were typed using 1536-plex Illumina Golden Gate assays (Illumina, San Diego, CA) (13) . All other SNPs in the Utah and Arkansas samples were typed using either pyrosequencing on a PSQ-96 (Biotage, Uppsala, Sweden) or oligonucleotide ligation assays. For SNPs initially typed by the International Type 2 Diabetes 1q Consortium but expanded to additional control subjects, typing was accomplished by pyrosequencing but with at least 20 samples overlapping with the Illumina Golden Gate assay. Additionally, full typing of seven SNPs and partial typing of two additional SNPs showed excellent correspondence between pyrosequencing and Illumina Golden Gate assays.
SNPs were selected for full typing using the Tagger program in Haploview version 3 (17) . We typed 39 SNPs in 191 case and 188 control subjects; an additional 25 SNPs typed by the International Type 2 Diabetes 1q Consortium but not required to capture the common Caucasian variants were typed in 191 case and 165 control subjects and included in all analyses. Nondiabetic Caucasian subjects who had undergone detailed metabolic studies were typed for nonsynonymous exonic SNPs or SNPs shown to be strongly associated in the Caucasian case-control cohort. African Americans were typed for the 44 Consortium SNPs, as well as exonic SNPs and SNPs showing an association in Caucasians, but no attempt was made to fully capture the common African-American variation based on HapMap Yoruban samples. Allelic expression imbalance. Total RNA was isolated from Epstein-Barr virus-transformed lymphocytes, and allele-specific expression of two 3Ј untranslated region SNPs was quantified from heterozygous individuals as described elsewhere (11) . Briefly, total RNA was converted to cDNA using random primers. Both cDNA and genomic DNA were typed using the same assay by pyrosequencing, using a PSQ-96 machine (Biotage) with a universal biotinylated primer. Peak heights for the two alleles were quantified in both cDNA and genomic DNA using Allele Quantification software (Biotage), which was designed for quantification of pooled genotypes and which provides a ratio (percentage of total peak summing to 100%) for each allele. Allelic expression imbalance was considered to be present if the cDNA ratio fell outside the 95% CI determined from the DNA ratio in heterozygous individuals, in which the expected ratio is 1 (50% for each allele). Statistical methods. The primary analyses compared genotypes using the Armitage Trend Test, which tests the null hypothesis: p 2 ϩ 1/2(p 1 ) ϭ q 2 ϩ 1/2(q 1 ), where p 1 and q 1 are heterozygous case and control subjects, respectively, and p 2 and q 2 are rare homozygous case and control subjects, respectively. The test, which is distributed as 2 with 1 degree of freedom, retains the power of an allelic association but remains valid in the presence of deviations from Hardy-Weinberg equilibrium. We considered an uncorrected two-sided P Ͻ 0.05 to be nominally significant. Secondary, exploratory analyses of genotypic association were conducted under additive, dominant, and recessive models using 2 or Fisher's exact tests. Tests of association and Hardy-Weinberg equilibrium were conducted using the DeFinetti program (18) . Pairwise linkage disequilibrium measures were estimated from the genotype data using the EM (expectation maximization) algorithm implemented in HaploView version 3.2 or 3.32 (17) . Haplotype case-control association was tested within each haplotype block using HaploView version 3.2, which tests the frequency of each haplotype in case versus control subjects; corrected P values are subsequently estimated by permutation tests (10,000 replicates). Haplotype blocks were established using HaploView version 3.32 with the solid spline of linkage disequilibrium definition.
S i and acute insulin response to glucose (AIR g ) were calculated from FSIGT data using the MinMod (19) or MinMod Millennium programs (20) . Genotype effects on insulin secretion and S i were tested using general linear models with sex and genotype as factors and BMI and age as covariates. For the Utah study, glucose tolerance status and family membership were included as additional factors, whereas for unrelated individuals from Arkansas, protocol type (tolbutamide or insulin) was included as an additional factor. For analysis of Consortium data, between-group differences in allele frequency were evaluated on a population-specific basis using standard contingency table methods and exact P values calculated using Stata SE version 8 (Stata, College Station, TX). Single-point data from the case-control samples were combined using the Mantel-Haenszel fixed-effects method (Stata SE version 8), and combined odds ratios (ORs) were generated under dominant models for each allele. Studies in the Amish population accounted for family structure.
RESULTS
From 78 SNPs spanning 213.2 kb (Ϫ8,150 to 205,069 bp relative to the ATG start) (Fig. 1) , we selected 64 SNPs for full evaluation in the Utah Northern European Caucasian case-control sample (denoted Utah Caucasian in the tables); nonsynonymous variants were forced into inclusion. The 64 typed SNPs fell into five linkage disequilibrium 
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blocks of sizes 1, 61, 90, 40, and 4 kb (Fig. 2 and supplemental Figs. 3S and 4S). We found a nominal association with 6 of 64 SNPs (uncorrected P values from allelic association of 0.001-0.03) ( Table 2 and Fig. 1 ), including a nonsynonymous SNP in exon 3 (rs1058405, M67V, P ϭ 0.011) and a noncoding SNP in the 3Ј flanking region (rs11579627, P ϭ 0.001). Two other nonsynonymous variants in exon 5, rs2070150 (P145A) and rs1135983 (S157P), were more common in control subjects, but differences were not significant (P Ͼ 0.1). Eight SNPs were modestly out of Hardy-Weinberg equilibrium, even after assay redesign, in either case or control subjects (P ϭ 0.001 for rs1135983 to P ϭ 0.043 in rs1058405) (supplemental Table 4S ), including several SNPs with a nominal association with diabetes (rs1058405, P ϭ 0.043 in case subjects for deviation from expected Hardy-Weinberg proportions; rs1135983, P ϭ 0.001 for deviation from expected proportions in control subjects). For both rs1058405 and rs11579627, the minor allele was overrepresented in case compared with control subjects (Table 2 ). Other nominally associated variants included intronic SNPs rs1027700 (P ϭ 0.021) and rs11576878 (P ϭ 0.029) and 3Ј flanking SNPs rs2499849 (P ϭ 0.025) and rs2490433 (P ϭ 0.054) ( Table 2) . Linkage disequilibrium was similar in case and control subjects, and no haplotype was more strongly associated than individual SNPs (supplemental Table 5S ). We sought to replicate the modest associations in seven additional samples, including Caucasian (1,010 case and 1,089 control subjects, excluding the Utah sample), Chinese (143 case and 144 control subjects), African-American (245 and 179, respectively), and Pima Indian (147 and 146) populations using Consortium SNPs. No SNP was associated in individual samples (data not shown), by meta-analysis of all samples or meta-analysis of Caucasian samples without the Utah contribution (supplemental Table 6S), nor did we find a trend to an association for the three nonsynonymous SNPs, rs1135983, or other SNPs associated in Utah Caucasians in 369 African-American diabetic and 186 control subjects (supplemental Table 7S ). Similarly, the three nonsynonymous SNPs showed no trend to association with type 2 diabetes in the Amish Family Diabetes study (data not shown).
Defects in endoplasmic reticulum stress response could contribute to impaired insulin secretion and/or insulin action. We tested the nonsynonymous variants M67V (rs1058405, exon 3), P145A (rs2070150, exon 5), and S157P (rs1135983, exon 5) and the most strongly associated 3Ј flanking SNP (rs11579627) in two Caucasian populations: a family-based study of 121 subjects from Utah and a population-based study of 209 individuals from Arkansas. No SNP altered S i or insulin secretion, measured as either AIR g , the ability of the ␤-cell to compensate for insulin resistance (disposition index: S i ϫ AIR g ), or AIR max (the maximum insulin secretory capacity) (supplemental Tables 8S and 9S).
We tested for cis-acting variants by testing the allelic expression balance in cDNA prepared from Epstein-Barr virus-transformed lymphocytes from Caucasian individuals who were heterozygous for the 3Ј untranslated SNPs rs1136046 and rs13401. The allelic ratio in cDNA for SNP rs1136046 fell outside the 95% CIs established from DNA from 73 heterozygotes (ratio 1.16, 95% CI 1.15-1.17) in 13 of 16 heterozygous individuals (Ͻ1 expected), with a range of 0.63-1.60 (P Ͻ 10 Ϫ25 ) (Fig. 3) , and in 3 of 10 heterozygotes for rs13401 (95% CI in genomic DNA from 148 individuals of 0.74 -0.95, P ϭ 0.0003) (Fig. 3) .
DISCUSSION
As a key transcriptional activator at the head of the unfolded protein response, ATF6 is a strong positional and functional candidate for type 2 diabetes, particularly given recent animal data supporting a role for endoplasmic reticulum stress response in peripheral and hepatic insulin resistance (5) and insulin secretion (21) . The three common nonsynonymous SNPs M67V (rs1058405), P145A (rs2070150), and S157P (rs1135983) are potentially functional. Both exon 5 variants are nonconservative substitutions, and the three nonsynonymous SNPs are located in the NH 2 -terminal cytoplasmic-localized transcription activation domain of ATF6, which is essential for the activation of unfolded protein response. A recent study in Pima Indians reported borderline associations of P145A (rs2070150) and S157P (rs1135983) with type 2 diabetes (P Ͻ 0.05) and reduced insulin response to oral glucose (9). We did not find an association with type 2 diabetes for SNPs rs2070150 (P145A) and rs1135983 (S157P), which are much less common in Caucasians, but we did find a nominal association with type 2 diabetes for M67V (rs1058405). However, no coding variant remained significant when P values were estimated by permutation testing. Furthermore, no SNP altered glucose homeostasis traits in our population or was associated with type 2 diabetes in our African-American population. SNP rs2070150 (P145A) was directly typed by the International Type 2 Diabetes 1q Consortium, and other Consortium SNPs were excellent proxies for M67V (rs1058405) and S157P (1135983); hence, an association with type 2 diabetes was excluded in Ͼ1,000 Caucasian case and 1,000 Caucasian control subjects. If ATF6 coding variants have an effect on diabetes susceptibility, the effect size is likely small.
The power of this study is limited for markers of effect comparable to the potassium channel KCNJ11 E23K (22) or PPAR␥ P12A variants (23) . In the Utah sample, over the range of minor allele frequencies observed in this study, we have Ͼ70% power at P Ͻ 0.05 to detect a difference in allele frequency of 7-10% between Caucasian case and control subjects, corresponding to an OR of 1.5-1.8, or approximately the range observed for the well-replicated TCF7L2 diabetes gene (24) . Considering the Consortium Caucasian sample of 1,000 case and 1,000 control subjects, we had nearly 100% power to replicate the Utah associations at SNPs rs12745240, rs11576878, rs1058405, and rs2070151. Power to detect changes in S i ranged from 66% to detect a 30% drop in log-transformed S i for common alleles (rs1058405) to 74% to detect a 50% fall in S i for an uncommon SNP, such as rs2070150. Hence, small changes would not have been detected without a considerably larger sample. Clearly, our power to detect ethnic-specific variants in Chinese or African-American populations is low, in the former case because of the small sample, and in the latter because of the low likelihood that we captured all common variants with the selected SNPs.
Based on HapMap phase 2 SNPs, we selected our markers for the detailed Utah Caucasian study to capture 95% of the variation; hence, we are unlikely to have missed common variants. Based on the 64 markers typed in the Utah Caucasian set, the 44 markers typed by the International Type 2 Diabetes 1q Consortium captured all but five SNPs (rs1275240, rs1417580, rs1417581, rs4657101, and rs1136046) at r 2 Ͼ 0.8. SNPs rs1275240 and rs1417580 showed nominal associations in the Utah population and thus might become significant in a larger population. We have not resequenced the ATF6 gene, given the low likelihood that additional common variants exist that were not captured by the 64 SNPs that we chose to type. However, we have likely not captured rare variants in the ATF6 gene, if these exist. Theoretically, rare exon variants may be present and may contribute to type 2 diabetes.
Several facts support a role for ATF6 variation in disease. Several SNPs, particularly those in strong linkage disequilibrium with M67V (rs1058405), had genotypes that departed from Hardy-Weinberg equilibrium expectations, despite assay redesign, and may suggest genetic selection. SNP rs11579627, which showed the strongest association, is predicted to alter the binding of transcription factor CdxA, and the minor allele of SNP rs1136046 in the 3Ј untranslated region, which showed allelic imbalance, is predicted to create binding sites for transcription factors PBX-1 and c/EBP␣. Most significantly, we found evidence for cis-acting sequence variants in the gene based on the highly significant allelic expression imbalance. Because the expression ratios were both above and below the 95% CIs in different individuals, the causative cis-acting variant is likely in incomplete linkage disequilibrium with rs1136046 and rs13401. Additional studies, including allelic imbalance in other tissues, are needed to identify the likely causative variant and to determine whether the expression levels alter diabetes risk. The true functional variant, which may be considerably distant, may not have been tested for association with type 2 diabetes in this study.
In conclusion, we have thoroughly evaluated a strong chromosome 1 candidate gene. The strongest association in Utah Caucasians is in the 3Ј flanking region (P ϭ 0.02 based on 100,000 permutations), but it could not be confirmed in other populations. Both the 3Ј untranslated SNP and the most strongly associated 3Ј flanking region SNP alter transcription factor binding, and thus may be functional, but an undiscovered cis-acting regulatory variant appears more likely to explain the allelic expression imbalance. Hence, the possibility remains that a regulatory variant that alters ATF6 message levels also contributes to defective insulin action or insulin secretion.
